New plant growth regulators, named citrinolactones A (1), B (2) and C (3) and sclerotinin C (4), were isolated from Penicillium citrinum and their structures established by spectroscopic methods including 2D NMR. Compounds 1 and 4 increased root growth in proportion to their concentration from 3 to 300 mg/l. In contrast, 2 completely inhibited root growth at a concentration of 300 mg/l and 3 did not show any effect on root growth in a concentration range of 3-300 mg/l. Key words: citrinolactones; sclerotinin C; isocoumarin; Penicillium citrinum; plant growth regulator Fungal metabolites are valuable natural resources for agrochemical development. [1] [2] [3] [4] [5] Isocoumarins are a group of fungal metabolites that include such plant growth regulators as 4-hydroxykigelin and 6-demethylkigelin from Aspergillus terreus.
Fungal metabolites are valuable natural resources for agrochemical development. [1] [2] [3] [4] [5] Isocoumarins are a group of fungal metabolites that include such plant growth regulators as 4-hydroxykigelin and 6-demethylkigelin from Aspergillus terreus.
6) Focusing our attention on new plant growth regulators from fungi has led to novel compounds from a culture filtrate of Penicillium citrinum (Moniliaceae). These new metabolites are designated citrinolactones A (1), B (2) and C (3), and sclerotinin C (4). We report the isolation, structural determination, and biological activities of 1-4.
Materials and Methods
General. Melting point (mp) data were determined with Yanagimoto micromelting point apparatus and are uncorrected. Optical rotation data were determined with Horiba SEPA-200 polarimeter. UV spectra were recorded with Shimadzu UV-2200 spectrophotometer, and IR spectra with Jasco FT IR-7000 spectrometer. The 1 Hand 13 C-NMR spectra were recorded with Jeol JNM-ESP 500 NMR spectrometer at 500 MHz and 125 MHz. Chemical shifts are expressed in values with solvents as internal standards. EIMS and HREIMS data were obtained with Jeol JMS-SX 102 mass spectrometer. Silica gel (Wako Pure Chemical Industries Ltd.; Wakogel Ò C-200, 75-150 mm) and the gel filtration matrix (Amersham Biosciences KK; Sephadex LH20, 25-100 mm) were used for column chromatography. Precoated silica gel plates (Merck; Kieselgel 60 F254, 0.2 mm) were used for preparative TLC.
Fungal material and fermentation. P. citrinum was collected from soil at Tottori University in May 1997, and authenticated by Dr. R. A. Samson, Fungal Biodiversity Center, Institute of the Royal Netherlands Academy of Arts and Sciences. A voucher specimen (No. 304) is deposited at the Laboratory of Bioorganic Chemistry in the Department of Biological and Environmental Chemistry, Faculty of Agriculture, Tottori University. One hundred and twenty-eight 500-ml Erlenmeyer flasks, each containing 250 ml of a malt extract medium, were individually inoculated with one 1-cm 2 agar plug taken from a stock culture of the fungus maintained at 20 C on potato dextrose agar. The fungus was statically grown at 25 C for 21 days.
Extraction and isolation. The culture filtrate, after filtering the culture broth (32-liter), was adjusted to pH 2 with a 2 M HCl solution and extracted three times with EtOAc. The combined solvents were partitioned twice with a saturated NaHCO 3 solution. The EtOAcsoluble neutral phases were combined and concentrated in vacuo. The resulting residue (23.3 g) was first fractionated by column chromatography on silica gel (n-hexane/acetone). The fraction (567 mg) obtained by eluting with 30% acetone, was fractionated by column chromatography on silica gel (n-hexane/EtOAc). Three fractions (103.2, 188.9 and 46.3 mg) respectively, obtained by eluting with 40%, 50% and 60% EtOAc, were combined and purified by preparative TLC (n-hexane/ y To whom correspondence should be addressed. Tel/Fax: +81-857-31-5363; E-mail: kimura@muses.tottori-u.ac.jp acetone, 75:25, v/v). The active fraction (263 mg, R f 0.43) was further purified by column chromatography on Sephadex LH20 with MeOH, and then preparative TLC (CHCl 3 /MeOH, 98:2, v/v) gave two fractions. One fraction (21.5 mg) was purified by preparative TLC (nhexane/acetone, 7:3, v/v) to afford 13.5 mg of 1. The other fraction (71 mg) was purified by C 18 reversedphase HPLC. Preparative HPLC in a column with 70% MeOH as the eluent gave 2 (48 mg).
The first-column fraction (178 mg), obtained by elution with 20% acetone, was purified by preparative TLC (n-hexane/acetone, 8:2, v/v). The active fraction (26 mg, R f 0.4) was further purified by a Sep-Pak C 18 cartridge (MeOH/H 2 O). The fraction (13 mg Tables 1 and 2 for 1 H-and 
MTPA preparation of (R)-and (S)
and (S)-MTPA chloride (4.9 mg, 20.1 mmol) were dissolved in 0.25 ml of dichloromethane, and the mixture was allowed to stand at room temperature for 8 h. The reaction mixture was purified by preparative TLC (hexane-acetone, 9:1, v/v) to give the (R)-MTPA ester of 2 (2.6 mg, 5.8 mmol). With the (R)-MTPA chloride, 2 (2.0 mg) was esterified in the same manner to yield the (S)-MTPA ester of 2 (3.0 mg, 6.7 mmol).
6-8)
Lettuce seedling bioassay. Lettuce seedlings (Lactuca sativa cv. Kingcisco) were purchased from Takii Nursery and sown in a Petri dish (150 Â 25 mm) lined with a filter paper containing deionized water. After 1 day under continuous light (100 mE/m 2 s) at 24 C, the seedlings were selected for uniformity (radicles; 2 mm) and transferred into a mini-Petri dish (35 Â 15 mm) lined with a filter paper containing 1 ml of deionized water and a defined amount of the test compound. The Petri dishes were kept at 24 C for 4 days under continuous light (100 mE/m 2 s). The length of the hypocotyls and roots treated with the compounds was measured, and the mean length values were compared with an untreated control. [4] [5] [6] All experiments were triplicated.
Results and Discussion

Structural elucidation
The EtOAc-soluble neutral fraction (23.3 g) from the EtOAc extract of the culture filtrate was purified by silica gel column chromatography, reversed-phase HPLC, and preparative TLC to afford compounds 1-4 ( Fig. 1) .
Compound 1, named citrinolactone A, was obtained as a yellow oil. The molecular formula of 1 was established as C 15 H 14 O 6 by HREIMS. The IR absorption bands at 1657 and 1626 cm À1 , UV data, and eight sp 2 carbons and one lactone carbonyl signal at 179.9 in the 13 C-NMR spectrum indicated the presence of an isochromene-1-one system. A band at 1741 cm À1 and one signal at 174.7 in the 13 C-NMR spectrum indicated the presence of a carbonyl carbon. A signal at 12.10 (s), being a D 2 O exchangeable signal in the 1 H-NMR spectrum, indicated the presence of a hydrogen-bonded hydroxyl group. The 1 H-NMR spectrum indicated the presence of a singlet methoxy group at 3.82, and aromatic signals at 6.61 and 6.71 with meta coupling (J ¼ 0:5 Hz). The 13 C-NMR spectrum indicated the presence of two methylene carbons at 29.9 and 34.7, and an oxygenated quarternary carbon at 80.0. A band at 3464 cm À1 and the remaining atoms from the molecular formula indicated the presence of another hydroxyl group. In the 1 H-1 H COSY spectrum, methylene protons at 2.27 and 2.63 each were correlated to other methylene protons at 2.98 and 3.16. In the PFG-HMBC spectrum (Fig. 2) , one ester carbon at 174.7 was correlated to the methoxy and one of methylene protons at 3.82 and 2.63, and the methylene protons were also correlated with the oxygenated quaternary carbon at 80.0, together with two sp 2 carbons at 109.6 and 172.8. Other methylene protons at 2.98 and 3.16 were correlated with sp 2 carbons at 172.8. A detailed analysis of the long-range correlations revealed the presence of a cyclopentene portion and the connection with an isochromen-1-one and methyl group. Further confirmation by 1D selective ROESY data from the methoxy proton at 3.82 to 6.61 revealed the planar structure of 1 to be 8,9-dihydroxy-6-methyl-9-methoxycarbonyl-cyclopente [4,3-b] benzo-1-pyrone which belongs to a minor polyketide family of isocoumarin tricyclic derivatives, a similar type of compound deoxytalaroflavone having been isolated from Talaromyces flavus.
7)
Compound 2, named citrinolactone B, was obtained as colorless crystals. The molecular formula of 2 was established as C 13 H 12 O 4 by HREIMS. The 1 H-and 13 C-NMR spectra indicated the presence of one methyl carbon, two aliphatic methylene carbons, one O-substituted aliphatic and two aromatic methane carbons, six aromatic quarternary carbons, one carbonyl and one hydrogen-bonded hydroxyl group. The IR absorption band at 3449 cm À1 and the remaining atoms from the molecular formula indicated the presence of another hydroxyl group. The UV, IR, and 1 H-and 13 C-NMR spectra of 2 revealed a close relationship to 1. A comparison of the molecular formula and 1 H-and 13 C-NMR spectra of 2 with those of 1 revealed that 2 differed from 1 only in the presence of the methine proton at C-9 instead of the methoxycarbonyl group.
The absolute stereochemistry of C-9 was determined by using a modification of Mosher's method. 6, 8, 9) The C-9-(R) and C-9-(S)-MTPA esters of 2 were synthesized, and their 1 H-NMR spectra were recorded in CDCl 3 . Positive Á values ( S -R ) in the 1 H-NMR spectra were observed for H-5, H-12 and OH-8, while negative Á values were located at H-7, H-9, H-10 and H-11 (Fig. 3) . These results revealed the absolute configuration of C-9 to be S. The structure of 2 was, therefore, concluded to be (9S)-8,9-dihydroxy-6-methyl-2-cyclopente [4,3-b] comparison of the molecular formula and 1 H-and 13 C-NMR spectra of 3 with those of 2 revealed that 3 differed from 2 only in the presence of an acetyl group at C-9 instead of a hydroxyl group. Thus, the planar structure of 3 was established as 9-acetyl-8-hydroxy-6-methyl-2-cyclopente [4,3-b] benzo-1-pyrone.
Compound 4, named sclerotinin C, was obtained as a brown oil. The molecular formula was established as C 12 H 14 O 4 by the 1 H-and 13 C-NMR and EIMS data. The 1 H-and 13 C-NMR spectra indicated the presence of three methyl, one aliphatic, one O-substituted aliphatic, and one aromatic methine, five aromatic quarternary and one carbonyl carbons. The IR absorption band at 3445 cm À1 , the positive reaction to alcoholic ferric chloride, and the remaining atoms from the molecular formula indicated the presence of two phenolic hydroxyl groups. In the PFG-HMBC spectrum, one methyl proton at 1.10 was correlated with the oxygenated methine carbon at 71.1, and this oxygenated methine proton at 3.85 was also correlated with the lactone carbonyl carbon at 178.4 together with the methine carbon at 43.0. The methyl proton at 1.11 was correlated with two methine carbons at 43.0 and 71.1 and one sp 2 carbon at 149.7, and the methine proton at 3.01 was correlated two sp 2 carbons at 101.7 and 149.7. A detailed analysis of the long-range correlations revealed the presence of a benzene ring, a lactone carbonyl carbon, three methyl and two hydroxyl groups. The UV and IR spectra of 4 showed similarities with those of dihydroisocoumarin analogues sclerotinin A 10) and 4-hydroxykigelin. 11, 12) The ROESY correlations between CH 3 -3 and CH 3 -4 and between H-3 and H-4 indicated that these two methyl groups were in the cis relationship. These results indicated that the relative configurations at C-3 and C-4 in 4 were 3R Ã and 4R Ã , respectively. From these results, 4 was established to be (3R Ã ,4R Ã )-3,4-dihydro-6,8-dihydroxy-3,4,7-trimethylisocoumarin.
Plant growth activities of the isolated isocoumarins
The plant growth activities of 1-4, IAA, and GA 3 were bioassayed with lettuce seedlings (Fig. 4) . [4] [5] [6] Compounds 1, 3 and 4 did not show any effect on hypocotyl elongation in the concentration range of 3-300 mg/l, but 2 completely inhibited hypocotyl elongation at a concentration of 300 mg/l. Compounds 1 and 4 increased root growth in proportion to their concentration from 3 to 300 mg/l. Compound 4 particularly elongated root growth to 264% of the control length at a concentration of 300 mg/l. In contrast, 2 completely inhibited root growth at a concentration of 300 mg/l. Compound 3 did not show any effect on root growth in the concentration range of 3-300 mg/l. The root growthpromoting effect of 4 was similar to that of dihydroisocoumarin analogues 4-hydroxykigelin 11, 12) and 6-hydroxymellein. 13) 
